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ABSTRACT 


This report contains an outline of some of the experimental 
measurements and theoretical considerations which are required for 
the calculation of the emissivity of nitric oxide. Because of lack 
of suitable apparatus, the experimental part of the program was 
restricted to the determination of apparent absorption coefficients 
for the fundamental vibration-rotation band of nitric oxide. 
Theoretical calculations of emissivity were originally suggested 
by Dr. Martin Summerfield. The present calculations were made by 
the use of an approximate procedure which has been developed 
recently at the Jet Propulsion Laboratory by S. 5S. Penner for the 
determination of the emissivity of pure diatomic gases. The 
results presented in this report facilitate making approximate 
estimates of the emissivity of nitric oxide as a function of 
temperature and optical density. For these emissivity calculations 
it is recommended to correct the experimentally determined apparent 
absorption coefficients by analogy with available data for carbon 


monoxide « 
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MADLANT Hast TRANSSaR cROmM PURG GASSES 
fe INTRODUCTION AND SUMMARY 


Recent develomnent of propulsive systems and propellants capable 
of taxing the heat resisting properties of our best alloys has aroused 
considerable interest in the field of heat transfer. hile this in- 
terost has led to extensive research within the brorder limits of this 
field, the theoretical treatment of radi-nt heat transfer has raceivod 
relatively little attention. 

theoretical studies of radiant heat trensfer are besed on Ein-= 


(1) 


stein's work on trensition coefficients - i4ore recent contributions 
fron the fundamental point of view have been made by sorn’2), sleter*?’, 
and pirec*4?, AS @ result of this work it is now possible, in principle, 
to make radiant heat transfer calculations. However, the complexity of 
these calculations is such that they are scarcely adaptable to the nu- 
merical calculation of emissivities for practical applications. 

Secause of the difficulties involved in the theoretical’ calcula- 
tions of radiant heat transfer, it has been customary to collect empir- 
ical emissivity data as a function of pressure, temperature, and path 
xe. By using available emissivity data many problems on radiant 
heat transfor involving: relatively low temperatures are now capable of 


approximate solution. Tlowover, since the emissivities of only a limited 


nimber of gases are known, and since, furthermore, the temperature and 


ave 


pressure extrapolation of availeble data is not possible with a high 
desree of accurscy, the empirical method has a rather limitcd range 
of application. | 

it is apparent from the foresoins considerations thet a more 
fundamental approach to the practical problen of radiant heat trans- 
fer is nighly desirable, especially for the purpose of caleulating 
the temperature dependence of the emissivity. As the first step of 
a broad progran on the study of rediant heat transfer now veing cone 
ducted at the Jet Propulsion Laboratory, an approximete me thoa’©) has 
been developed for the caloulation of averace emissivities of dile- 
tomic gases eas a function of temperature and optical density. The 
present report will be devoted to the application of this method to 
the determination of the emissivitiss of nitrio oxide as a function 
of temperature, pressure, and path lensth. The report is completed 
by a description of arparsnt absorption coefficient measurements of 
nitric oxide performed on a Nodel 12-0 terkineZclmr spectroncter using 


@ lithiunefluoride prism. 


Il. FUNDAMUNTAL PELATIONS OF RADIANT HEAT TRANSFER 


This section will be devoted to a deseription of some of the 
important basic equations of radiant heat (eesrir and to a discuse 
Sion of the relations between line strengths, Sinstein coefficients, 
and spectral emissivities. These equetions are, of course, well 
known but are summerized here in order to clarify the numerical cal- 
culations of emissivities described in Section IV. 

According to Beer's law for the absorption of radiation by an 
isotropic substance, the transmitted intensity varies exponentielly 
according to the relation 

~P,y pil 

Ty =tIpe (1) 
where I, is the intensity of the transmitted light in the spectral 
region between V and V + ayV, Iep is the intensity of the incident 
light in the same spectral rance, P, is the true spectral absorption 
coefficient of the absorber, end the preduct of the pressure p and the 
path lencth } 1s the optiesl density of the absorber. The intensity 
| cf the light absorbed is, therefore, 


“Py pi 


Apel, -I, =], Q-e ). (2) 


OV 


According to Kirchhoff's law the ratio of the spectral enissivity 
to the spectral absorptivity is unity for «11 substences. The absorp- 
tivity is defined as the fraction of the incident light absorbed and 


the enissivity as the ratio of the intensity of the light emitted by 


a given substance :t tempersture T to thet enitted by 2 blackbody 
at the same temperature. For on isotropic geseous emitter, the spec 
tral emissivity, Cu is, therefore, given by the relation 
“Pppl 
Cue kh - (3) 

The enissivity can be determined experimentally by direct measurement 
or by measuring the transmission ratios at various temeratures and 
pressures. Since it is difficult to meke aeccurcte measuremonts of this 
type over a wide renge of temperetures ond pressures, it is desirsble 
to consider theoretically the temperature and pressure dependence of r,. 

Aecording to the Bohr frequency rule, transition betyveen $0 non 
degenerate, stationary energy states of values By, and #, with i> By 


J 
will be aceompanied by the emission of radiant energy of the frequency 


4 
2 


Vise . (4) 
where h ig Planck's constant. 

For radiation emitted from an oscillating dipole, if the time be- 
tween collisions 4s large compared to the duration of a collision, it 
Gan be chee thay She spectral absorption coefficient is related to 
the line strength, oo ad M5. 5° and the spectral-line half-width, O43. 


by the well-lmown dispersion formula of Lorents, 
TT WAw 
eT, | 
(Pa ¥e + O%gs 


The svectral-line half-width is defined as the frequeneay interval for 


which absorption is greater than one-half the maximum absorption. 


“5- 


Reference to equation (5) indicates that the absorption coefficient 

can be calculated if the line strencth and the line shape are Icnown. 

Although the spectral halfewidth is a function of temperature and pres- 
sure, this dependence will not be discussed in this report, since it is 
desired to present an approximate method for radiant heat transfer cal- 
culetions in which no explicit allowance.is made for the change of oF j 
with pressure and temperature. Since the line strength is independent 


(3) 


of pressure’~’, it remains only to discuss its temperature dependence 
in order to = Py) as a function of temperature. Theoretical 
calculations of Sp, aves & function of temperature reguire the use 
of relations pich om be derived from the Zinstein coefficients of 
absorption and enission'?), Those relations will now bo discussed. 

The probability that a molecule will absorb a quantum of cnersy 
and undergo a transition to a hisher enerzy level in a blackbody radia- 
j+4 is the in- 
) is the 


tion field is civen by the term By r, > where B 


stein transition coefficient of induced absorption angnty, 


density of radiation omitted by a blackbody between frequencies io 
end, , + Nis * The probability of transition from an upper to a lower 
energy level is, on the other hand, the sum of two parts, one dsing inde- 


pendent and the other proportional to the radiation density, i.ee! 


As oy e By» P% 4S? 


where Big end & are the Einstein coefficients of induced and spone 


2} 
taneous emission, respectively. At thermal equillbriun the net rate 


of transition is zero, and, therefore, 


=6< 


NAly = (NBs iy 7 NBs PMG? 


where N, end m are the number of molecules in the i'th and j'th 


energy levels. Noting that the net energy absorbed is 


EB, = Fs - Ny By. g) BV OM? (6) 
and defining the spectral line strength in absorption’??? by the ree 
lation 

+00 
Er, = sptv,,) \ Psy ave (7) 
-~OD 
where c is the velocity of light, it follows that 
400 : 
er ay = NA, ny, fool, .) (8) 


- 


Equation (8) is the fundamental relation betwoen line strength in abe 
sorption and the Zinstein coefficient of spontaneous cmission. 
The net rate at which molecules jump from the upper to the lower 


energy level is assumed to be given by an expression of the form?) 


NIA B : “NB , 9 
Ve a 7 ere Pail hy? (9) 
where O (vy j? is the external radiation density. Hence for OV, 3? 


vanishinsly small tho emitted radiant intensity is 


+ oO 
Vee, avi, =MAs ny (10) 


— oc 


-7~= 
+ CO 
which defines the line strength in emission , Tyg 32V4 jo for an i--J 
-o9 


trensition. From equations (8) and (10) it can be secon that 


—_— — 


400 tS 
oO ©D 
which is equivalent te Kirchhoff's law. 
For a transition between the adjecent vibrationsi levels n-l and n 


the line strength in absorption is given, approximately, by the following 


relstion 
\ hh 
P., daa Re. A 

a. ; op (Vo) “a “nonel 22) 

where 
Q 
Py ia). = ar + Pay + 2a , (13') 
ne-l7n j nel7n nel +n n=-l—n 
J—7Jn1 jel J $3 

and 


ee x An ned TAntn-1 7 “n+nmei? (14) 
J 4 —§Jo3 j-l 3 373 


Hquation (12) involves the approximation of replacing the differant 
frequencies corresponding to different vibration-rotetion transitions 
by an average value, Vo waich, as a good approxination, may be set 
equal to the frequency difference corresponding to the vibrational trans-~- 
ition.n = O-n = 1 and tne rotational transition j = 0O-—j= 0. 

The use of Planck's law of radiation, of Boltzmann's equation for 


the population of molecules in different vibrational levels under 


*Tt should be noted that NO has a permanent electric moment in the di- 
rection of the internuclear axis, and that, therefore, its infrared 
vibretion-rotation spectrum shows P, Q, and R branches. 


a Se 


equilibrium conditions, and of Bobr's correspondence principle permits 


the derivation of the following relation(®» 11, 12) 


h 
hp qi) 2 
oO kk? 
: “ae [Pe 
5 PY av? xz aS Lt -e 7 
mien Spe so =(n-i) Bp [ist 
e 
n=l 
or (15) 


09 R_ 
; ; — 


m0 nel n “ ya Pi 


where N, is the total number of molecules, € is the effective charge, 

oS +e the reduced mass of the molecule. Zquation (15) states that 

the summation of the line strengths contributing to emiesion or absorp- 
tion in the region of the fundemental vibration-rotation band is inde- 
pendent of the temperature for a given number of emitters. This relation 
will be used in the approximate caiculation of emissivities described in 


Section IV. 


=Jeo 
Ili. ABSORPTION COLFPICIONTS 


Ae INTRODUCTION 

This section is devoted to a discussion of true, apperent, and average 
absorption coefficients. The introduction includes a brief description 
of the methods used by Bourgin' 29? and Bartholome ‘+4? for the determina- 
tion of true absorption coefficients. Because of lack of suitable 
equipment for the detormination of the true absorption coefficients, the 
experimental studies were restricted to the measurement of apperent ab- 
sorption coefficienta. The significance, use, and tempereture dependence 
of an apparent average absorption coefficient will also be considered. 

The Method used by Bourgin does not permit the determination of 
true absorption coefficients directly, but does allow the calculation 
of spectral line-strengths. Once spectral line-strengths have been ob- 
tained it is possible to calculate true absorption coefficients by 
epplication of the Lorentz dispersion formula (Cf. 2a. 5) provided half- 
width data have also been obtained. The general plan used by sourgin 
for determining line intensities involves the accurate measurement of 
the area under each absorption line for several cell lengths, the pres- 
gure beinc maintained consteant.* Because the instrument available for 
the present exp riment did not give sufficiently high resolution, Bour- 
gin's method could not be used. If a plot is made of percentage of 
Light absorbed arainst wave muaber, it follows that the area bags under 


the absorption line M is given by the expression 


ap Sy Gea we ay ee ee. 08 ee 


*It is evident that this technique requires high spectral resolution in 
order to separate the rotational fine structure of the absorption band. 


re 


hy = Lb - = Je (16) 


ivi 
Expanding the exponential term in Beer's law for sufficiently small 


values of the optical density, p., leads to the relation 


au 212 Pyp (17) 
oy 


Combining equations (16) and (17) yields the reault that 


2 
Ss 


From equation (13) it then follows that 


lin Tay \ av (19) 


fl 
ieee, the integrated absorption coefficient, or the line strength, is 
equal to the slope of an area versus length plot for the limiting case 
of zero cell length. In order to permit accurate extrapolation of 
this curve to zero, small cell lengths were employed. It should be 
mentioned that the extrapolation of the curve to the zero value of the 
optical density becomes a difficult problem beacause of the rapid change 
of slope of the curve at small values of pl. 

Bartholoms 's method has the advantage over Bourgin's of not re- 
quiring high resolution. By the introduction in the light absorption 
cell of another gas which is optically inactive in the infrared region 


of study, the total pressure is increased to the point where the 


«jj}e- 


rotational lines overlap sufficiently to obliterate conpletely the 
fine structure. This method is now being employed at the Jet Propulsion 
Laboratory to determine the relation between the true absorption coef- 
ficient and an absorption coefficient measured with low resolution and 
eat low pressures, 1-e., an apparent absorption coefficient. | 

Before proceeding to discuss the apparent absorption coefficient, 
it is of interest to note that an approximate method is available for 
the determination of an average value of the line strencth for a givon 
absorption bande This method was originally proposed by Dennison\15) 
end has been modified by corne1?”? , Asesser’”?, Summerfield??? , 
and others. The principal objection to this method is the necessity 
for assuming that the rotational lines are of equal intensity end are 
equally spaced. In spite of the fact that these assumptions are invalid 
for real molecules, it should be pointed out that the mthod of LElsasser 
and Summerfield has been shown to lead to reasonable numerical 


resulta??? 18) | 


Be EXPERIMENTAL RESULTS 

The apparent absorption coetficient, P|,, ia a coefficient replac- 
ing the true absorption coefficient, Pp, in Beer's law and is determined 
with resolution insufficient to study individuel rotational lines and 
at pressures lower than required to give complete overlapping of the 
rotational lines. Since tho necesyary facilities for carrying out an 
accurate determination of the true line atrength wero not available at 
the time the studies described in this thesis were conducted, it was 


decided to measure apparent absorption coefficients with the infrared 


=)O« 


snecitrxeter available to the esuthor. It 1s recognized that the 
rolation between true and apparent coefficients is unknown. However, 

the preliminary measurements of anvarent coefficients desoribed in 

this thosisa should be of value ultimately to the overall program of 

heat transfer now under way at the Jet Propulsion Laboratory. By use 

of the empiricelly determined relations between true and apparent 
cosefficients for CO, the values of the appsrent coefficients of NO 

can be converted approximately to the true values. Thset the true and 
apparent absorption coefficients for SO and NO should be related fol- 
lows from the similarity in rotational spacing and resolution in the 

P and 2 branches of the fundamental absorption vands of these two come 
pounds. The apperent absorption coefficients wore determined by straight- 
forward application of Beer's lew. From the linearized form of this law, 


it cen be seen that 


Tm, 
1m - - Uy pl {20) 
OV 


where P,,’' is, in general, a function of pressure. In the limiting 


case of zero optical density, pl, it can be seen that 


Ry = eal a{za (1¥/I,.) | /a(p2) (21) 
pi 


Since the path length was kept constant because cells of different lengths 


were not available, equation (21) may be written as 
pte - ; lim éLin (1,/1,) ] /ap (22) 
p—0 


Prom which it follows that the apparent absorption coefficient is 


#l3- 


proportional to the limitins slope, for zero pressure, of s plot of 

the logarithm of the fraction of the light tranamitted as a function 

of pressure. In the present investircations the pressure of the absorber 
was <ept below 1 atmosphore in order to permit more accurate extrapolea- 
tion of the curve to zero pressure. Headings were made at pressures of 
NO corresponding to 13.5, 15.9, 28.3, 36.5, 48.0, 71.6, and 72-0 om. 

of Hg. 

All measurements were mede on a Vodel 120, Perkine-Slmer infrared 
spectrometer using @ lithium fluoride prism and a 10 cm. long gas cell 
closed with sodium chloride windows. A resolution of about 4 wave 
nunbers was obtained near the center of Q-branch for the fundamental 
Vibratione-rotation band of NO with the particular slit widths employed 
for the — studies. The wave loneth scale had been previously 
@alibrated by using known absorption lines of HO Cn: Oly, » and as € 
A wave lencthemicrometer scale readins celibration curve obtained by the 
author is shown in figure (1). 

Prior to taking tranagmission readings on the infrared spectrometer, 
the instrument was allowed the customary warmeup p riod of one-half hour 
in order to insure stable operation. Next e transmission record wes 
obtained for the empty fas cell. ‘Then a transmission record was ob- 
tained for the cell filled with the gas under the study, and finally 
another reference run with the evacuated cell was completed. “rom 
these three sets of data it is possible to obtain roasonebly reliable 
percentage of transmission values as a function of wave lencth. The 


wave length calibration curve was checked daily by usines the water 


«Lhe 


bands at 1794, 1830, 1346, 1870, 1391, and 1944 on™? as reference 
points. The wave length calibration led to a value for the wave nunaber 


-1 


at the peak of the 2ebranch of 1877.9 em ~ which agrees reasonably well 


with results revorted by other Liweetigavons'2?> 20. 23). 

representative data of the logarithm of the porcentage of trans- 
mission as a function of pressure, calculated from the cexperincntal 
measurements are shorn in firures (2) end (3). The velues of the appare- 


ent absorption coefficient cuupited fran these plots are summarized 4 


Table I and are pléteed in figure (2) as a function of the weve number. 








Tanta T 

APPAITSTY ABTORPTIO One LCITNTS FOR NO. 

V en”? Py'(meter-atm)*2 
1800.0 1.33 
YG16.5 3.05 
1850.8 6.33 
1366.4 rary 
1877 9 11.28 
1881.8 2.59 
1896.8 7205 
1907.7 9.00 
1917.0 9.29 
1924.0 5.58 
1936.1 6.85 
1954.0 2200 


Ge sMLOULATION OF ARPPNODGISE AVIV OG SBTORTIST COlpriclare. 
Fron the discussion in ‘ection II it ie apparent that rigorous 
Galoulation of spectral enissivitica at various temperatures La e pro- 


ject of tremendous proportions. In order to avoid sons of the 


=] 5= 


difficulties of radiant heat transfer calculations it was nronosed by 
seheors*??? to use an absorntion coefficient which is e lineer Punction 
of the wave number for s civen seat ton bend. “Scheels nset avellable 
oxtoricantnal meacuroments for the rr-srent absorption coefficient, a 
procedure wiich is certainly not tustified. 

The procedure of Sehack for makine emissivity calewletions can 
be further simplified if average absorption coefficients for entire 
absorption bands are used. It is clear thet if, ana first apnroximae 


tion, it is possible to use such average coefficients, thon the averare 


coefficients are defined in terms of the effective emissivity by the 


relation 
A max A" mmx 
: I, ar - ya 
“7S pi a re A “Kr q, pa t 
Era(ie0 7 CO + Q we amin 5... (23) 
T,,aA inna 
oO O 


where co -~effective enissivity 
“ ~evernze absorption coefficient for tuc funcanental bend 
i, 5. 7 average absorption coefficient for the first overtone 
nz ~ long wave lengrtn cutoff for fPundanental- 
Amin — short wave length cut-off for fundamental 
Awe —lon> wave leneth cut-off for first overtone 


Nmin ~S20r’ wave length cut-off for first overtons 


The effective band width of the fundemental is D wax” one an. for the 


first overtone it is A' Nias “he effective bend width may be 


Sie 


looked upon as the wave length interval over which absorption is of 
consequence according to a prearranged standard. By comparison of 
equation (23) with the following relation, which oan be derived from 


equation (2), 


x Ns, wD re, rave EAE Nave : 


n-on+] nen?) 
j-ajal jl) j->3 
-P, pl =P pl 
2x Ewa. ) ap rod Nowa” ) dP+ 
Nn=ent] : een) 
j-aj~l j-l-+3 
-P,, pl 
:. = Spc Qay Bap (21s) 
n J 
n=en+] 
J->3 


it can be shorn (6) that the average coefficients, if they exist, are 


of the form 
= 1 s. x Sn dv + \e dp ve dy (25) 





Kp Abr on gj (n-entl neentl nernt] 
j~l-p3 jerj—-l jorj 





yr " AD: 2 >\\ Ppeayv + a + \>, dv (26) 


n-en+2 n=rnt+2 n-rn+2 
jorj-1 Jolerj j->J 


“l7- 


Here, \s yaV represents, for example, the intensity of radiation 


n>n+l 
j—je-l 


absorbed as the result of the transition n+n+l, j—>j-l, and AY, and 
Ave 5, are the effective band widths of the fundamental and first over- 
tone, respectively. 

Relations of the form of equations (25) and (25a) vermit tho cal- 
culation of average absorption coefficients if the swa of the true line 
strenzths is knowne As has been pointed out previously, the present 
experiments yielded only apparent absorption coefficients. Neverthe- 
less, it is instructive to consider the relations between apparent 
spectral absorption coefficients and apparent average absorption coef- 
ficients. In ordor to distinguish apparent average coefficients from 
the true averace coefficients, the former will be denned by k!, 
ae ete. The experimentally observed result that for amall values 


of the optical density, the average apparent absorption coefficient, 


defined by the relation 


Ay av=p -e 
VP r 


{is identical with the average apparent absorption cocfficient 


1? 
rota 
eg 2 AV 


= TAPS (27) 


will now be established on the basis of a more detailed analysis of 


-15- 


equation (26). 


In the limiting case of small pl, the exponential term in equa- 


tion (26) can be expanded and only the first two terms retained with 
the result 


v = k! 
Ayav/\I ay = kt pl (28) 
VF F | 


fron which 1t follows that for constant path lencth, l, 


An 


a. av.» =f 
eo C!S (29) 
Ioy av 
SV 


Furthermore, integration of the spectral form of Beer's Law for the 


apparent coefficient, P,', and for small values of P,' pl, 


iy 
- a i P,' pl, (30) 
OY 
yields the result that 
(lov - Tp) av 
='© 1 \ Fae 
‘ Loy fi (31) 


if the energy of the incident light is nearly independent of frequency 


within the limits of the effective band width, then equation (31) can 


=19J~ 


be replaced, aprroximately, by the relation 


aes iy) dy Nav 


AV 








AV 
F sl 
I) av \ I,yav a 
AV » AV F 
and, therefore, 
cra) ee | | (SO 
Io y av Fr 
AV » 


Comparison of equations (29) and (32) leads to the desired result 


\ PY, ay 
QV. 


* AV 
Fr 


k (27) 


It should be noted that equation (27) betwoen the apperent average 
absorption coefficient and the apverent spectral coefficient ia of the 
seme form as equations (25) and (25a) relating the true average coeffic- 
lents to the spectral line strengths. 

Empirical proof of the existence of en average apperent absorption 
coefficient can be obtained by comparison of the values of ! calculated 
by means of equations (27) and (29), respec tively. Data for equation 
(27) was obtained by numerical integration of figure (4), which resulted 


/ 
in a value for the \ FP, dvof 965.2 (meter-atn-om)"1. The effective 
AV 
F 


~30= 


bend width was chosen es 198 en”. substitution of these values in 
equation (27) yielded e@ value of k= 5.03 (neter-ata) > for the 
everace apparent absorption coefficient. For evaluation of the aver 
age coefficient by means of equation (29), suitable band limits were 
chosen by inspection of the transmission records for the various pres- 
sures, and the areas under the transmission lines vVetween these limits 
were obtained by nunmcrical integr:tion. The ratios of the integrated 
percentage of absorption were then plotted as functions of pressure 
in figure (5) end the slope of the line noted. Substitution in eaus- 
tion (29) gave a value of 1.78 (metermatm)™ for kt. The approximate 
equality of the two velues for kt may be taken as proof of the exist- 
ence of an averasce apparent absorption coefficient. | 

The sverage apparent absorption coefficient is related to the 
true average absorption coefficient, which ean be expressed in terms 
of the sum of the individual line atrengths according to equation (25), 
in a complicated fashion deronding upon instrumental resolution. Hoy- 
ever, since the rotstionsl specing and resolution for studies of the 
apverent sbsorption coefficients of co (6) and NO were similar, it is 
rea onable to assume that the true averege absorption coefficient bears 
the same relation to the apperent average absorption coefficient for 
tnese two geses. This r tio hes been found to be 23 for CO*. Itis 
therefora recommended, that on averzge absorption coefficient ky 
23 x 5.03 (metor x ae = 115.69 (meter x Aca be used for redient 
neat trensfer calculations on HO until more reliable experimental 
measurements become eveilable. 


Tiapablished Poswlts obtained by 5. 3. Donner and D. Weber 


arle 


whe tenperature dependence of & 


a, Can bo ceiculated by use of 


equations (15) and (25). Reference to these tro relations indicates 





that 
tT)  AVar) @ 
we - 8. (33) 
ke(T,) AVA(T,) 8 


Since the number of molecules per unit volun, Nin varies inversely 


as the absolute temperature for an ideal gas. 


IV. APPIONIMITH RADIANT REAT TRANSPL) CALCULATIONS FO" TIATOMIT CAOSS 


f 


This section contains an outline of the methoa®”’ dovelopod av the 
Jet Propulsion Laboratory for making arproximate radient hent transfer 
calculations for diatomic gases with specific annlication to nitric 
oxide. The existence and the value of the average absorption soefficiont 
having been esl’ with at lencth in Section ITI, it is assed that this 
coetficient exists and is icnown vor the fundamental vibratio.-rotation 


band es a function o2 temperature. Zquation (23) 


A max Nex. 
= 1 s e 1 =- # ewe 4 ~. 
é aA + oe + 
\ig dX \ tA GA 
Oo ° 


will be used to calculate the effeotive emissivity. 

Ixamination of equation (23) indicates that the celeculation of 
emissivities requires the dotermination of the band limits. Although 
pressure has the effect of broadening the individual lines, the indi- 
vidual line strength remaining constant, 1¢ is obvious thet pressure 
will have practically no effect on the effective band width. This cone 
clusion follows since broadening a line whose strength is negligibly 
smell sannot have an appreciable effect on the band width. It is pos- 
sible, however, in the case of extremely high pressures, to havo a 
line of significant strength broadened sufficiently to cnuse a measur- 


able widening of the bend. The present method of calculation is, 
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therefore, not suitable for pressures sreater than a few Inmdroed 
aAtmosnnores « 

Before ‘proceeding a description of the physical apmoarance of the 
ebsorntion band of NO and a stetenent of the relation between the com= 
ponent parts of the band and particular trensitions are of interest. 
The bend is camposed of three distinct branches designeted as the P, 2, 
and i brenches, respectively. The Pebranch is the high frequency 
branch, the Rebranch is the low frequency brench, and the Qebranch forms 
the center of the band and joins the Pe and Rebranches. ‘The rotational 
trensitions jel—j are responsible for the Rebrancn, the transitions 
§—»j-l for the Febranch, and tho transitions j—»j for the Q-branch. 

The number of rotational transitions associated with line strengths 
laree enough to contribute sppreciably to radiation trom the c= end 
Rebranches is the sam, as aa be shown by 4 detalind analysis of the 


(6) 


dependence of line strenrth on rotational quantum nurmiber. 

It is well mown that a factor of the tyne J exp(=", | 4/k?) or 
1 exp(-3, /xt) is the dominant term depending on j in the expression 
for line strencth. Use can be made of this fact, if as a rirst approx- 
imation, the band limits are chosen as those points at which the strengths 
of the individual rotational lines tend to zero. The criterion used 


for the proper choice of was erbitrerily chosen as that value of 


Imax 
j for which j exp (9B, /?) corresponds approximately to 10°23 of the 
maximum velue of j exp(eUg, j/k?) ‘4 atudy of fieures (6) through (11) 
in waich j exp (-E,, 4/kT) hes been plotted as a function of j at 300, 


1000, 1500, 2000, 2500, 3000° K indicates that no very great difference 
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in Jnax Tesuits if the value of aes 1s cot equal to the value of j for 
which j exp (mit, | 5/ kT) has decreased to 107° or 107° of ita maximum 
veiue. It should be noted thet the emissivity does not depend oriti- 

eliy on the value ef ducx beceuse the uncertainty in the velue of 
Jmax 18 partly compensated for by a larger or smaller average absors- 
tion coefficient if too small or too lerge = vzlue nas been chosen, 
respectively, for j,,,. Band emissivity calculetions have beon cerried 
out for values of j.., corresponding to somewhat different criteria for 
choosing jJmax. By the use of figures (6) through (11) the velues of 
Imax, and Imax, given in Table II were obtained for calculating tie 
probeble effective band widths where Imax) corresponds to the velus of 
j for which j exp (By y/k) has decreased to approximately 107° of its 
meximum value, 

TABLZ II 


THa VAIUNS OF Jmax, and J AS A FUNCTION OF TSMPERATURS 





— 4s 
- $00 ao 33 
1000 54 58 
1500 65 69 
' 2000 | 77 8] 
2500 88 91 


3000 . 100 106 
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By use of the familiar quantum relation the approximate band limits of 


the fundamental can, therefore, be determined as follows: 


Bins Smee) - 2n-ls Imax - 1) 





V ba (34) 
max ho 
n-»nel 
5773-1 
Sn, - 1) = X(n-1, 
Vin ~ 2 ae (Aya) 
n-vnel he 
jei-*j 
The energy levels of NO can be calculated from following relation 
Eta) = (n+ b)Wy- (nth) xwe ts (J42) By-J2541)7D,-(nad)5(J41)< (35) 


whereW).s Boe De? X_andXare well-known constants for NO determined from 
spectroscopic measurements. The following numerioal values were used 
for NO: WO, = 1906.5 om”); x, = 0.7564 x 107°; 5. = 1.7006 on2 

z. ~] @2 «3 (23) 
D = 5hl2h om 5 XK = 1.8366 x 10 “em o The spectroscopic data 


for NO has recently been revised by Gilictte and zyster*2!? : 


However, 
for the praesent purposes, the data given by Sponer are sufficiently 
accurate. The approximate band limits of the fundamental of NO as 
calculated from equations (34) and (34a) are tabulated below as func- 


tions of temperature for the values of Jraexc, * 
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TABLA, Til 


APPROXIMATE BAND LIKMITS FOR THE FUNDAMENTAL OF NO 


T Snax Vane, > Vain, o®” Alor Aner, Amin, 
300 30 1961.5 1760.9 = 20026 5.6789 5.0981 
1000 5h 2002 7 1645.8 3569 6.0761 4.9932 
1500 65 2012.8 1587 4 25 eh 6.2996 1.9682 
2000 77 2018.3 1519 4 98.9 6.5815 9547 
2500 88 2016.8 1454.0 562.8 6.8776 4.9583 
3000 100 200963 1379 oh 629.9 72h95 9768 
A study of Table II indicates that as T, and therefore Imex increases, 
Amin peeses through a minimum (bandhead) somewhere between 1500 and 2500°K 


and thereafter increases with temperature. It can be seen that since 

eae is a double-valued funotion of j the effect of choosing a j,.,, value 
larger then that corresponding to the dbandhead has the effect of elimina- 
ting a number of transitions which contribute meterially to radiant heat 
transfer. Therefore, in order to avoid this difficulty the value of j 

corresponding to the bandhead should be used for those temperetures where 
the calculated value of Imax 18 lerger than the j value corresponding to 
the bandheaé . ©? The value of j stad corresponding to the bandhead was 

accurately determined as ji. = 80 by noting the meximi of the 
Frjel transitions. Tables IV and V contain the band limits for the 
fundazental band of NO for Jes) and Jnaxn with proper allowance for 


the existence of the bandhead. 


Os 


TABLA LV 
BAND LIHITS OF FUNDAMENTAL OF NITRIC QKIDZ 


CALCULATED FROM THE VALUZ OF Jmax, 


T Jmazy V mex, c@ Va! cr AY, Cn News cm Nae cm 
300 30 1961.5 1760.9 200.6 5.6789 5.0981 
1000 54 2002.7 1645.8 356.9 6.0761 4.9932 
1500 65 2012.8 1587.4 425.4 6.2996 4.9682 
2000 77 2018, 3 1519.4 498.9 6.5915 4.9547 
2500 B0=88 2018.8 1454.0 564.8 6.8776 4.9534 
3000 80-100 2018.8 1379.4 639.4 7.2495 4.9534 
TABLES V 
BAND LIMITS OF FUNDAMENTAL OF NITRIC OXIDR 

CALCULATED FROM THE VALUES OF Inaxs 

4 -) -} 
tT jmax,  Vingz Vane”  AVsem™ Anoziom Agiy om 
300 33 1968.0 1747.5 220.5 5.7225 ©6. § . 0813 
1000 58 2007.2 1625.1 362.1 6.1535 4.9822 
1500 69 2015.3 1565.7 443.6 6.3869 4.9620 
2006 80-81 2016.8 1496.2 522.6 6.6866 4.9534 
2500 80-31 2018.8 1435.8 583.0 6.9645 4.9534 
3000 BO-106 2018.8 1340.7 678.1 7.4588 4.9534 
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Detailed examination of the line strength ©? indicates that the 
overtone will decrease to 1073 of its maxinum value at approximately the 
seme value of j as the fundamental. The same j values have, theree- 

max mex 
fore, been used for the first overtones as for the fundenenteal. ‘Tables 
Vand VI summerige the bend limits for the first overtons of NO sorrected 
for the bendhead for the two choices of The bendhead in the case 


of the first overtone, determined by the sam detailed calculations as 


for tho fundamental, occurred at 3 = ghe 


TABLE VI 


BAND LEAITS OF FIRST OVERTONC OF NITRIC OAIDE 





CALCULATED FROM THE VALUZS OF Snexy 
. Since V mee Vnint AVom"* A next Nin? 
300 30 3793 oh 3593 09 199 5 207825 206362 
1000 hh-5h 380067 344201 358.6 2.9052 2.6912 ‘ 
1500 bhe65 3800.7 3360.0 bhOe7 209762 2.6311 ° 
2000 hhe?7 3800.7 3260.3 5h0-4 320672 2.6312 
2500 hh-88 3800.7 3162.2 638.5 3-162) 2.6311 
3000 b)-100 3800.7 301,529 75408 342831 2.6312 
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TADLT VII 
WMD LETIO OF FIRIT OVERTOM oF MITIC oxIDE 


CALOUL TD FRO: TI VALUZS OF Jung, 


T Smex Venél, om”? Vent nom LV, om™? Apes om V4.0 
300 33 3796.0 3577-0 219.0 207956 206 3h 
1000 hhe58 3800.7 3412.0 388.7 209300 2.6311 
1500 4he69 3800.7 3328.3 b72h 3.0085 226311 
2000 ih BY 3800.7 322662 57.06 53-0997 2.631) 
2500 bol 3300.7 3134.0 666.7 3.1908 226311 
3000 bhe106 3800.7 2985.0 815-7 303350 2263211 
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In figures (12) and (13) the effective band limits are shown as a func- 
tion of temperature for the NO fundamentel and first overtone of NO, 
respectively. 

Tne band limits havine beon found, the intensity cations)” va Sr 
in equation (23) can readily be evaluated by tho use of Planck's radiation 
functionse An abbreviated table of these functions is shown in Table 
ViIlI. The intensity ratios have been plotted for the fundamental end 
first overtone of NO as functions of temperature in figure (14). It 
should be noted that these ratios represent the maximun attainable val- 
ues of the contributions to the total emissivity for a given vibration- 
rotation band, and thet, therefore, their sum represents the total 


meximun emissivity. Figure (14) indicates that the penk emissivity for 


ena” 
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the fundamental occurs at approximately 850° X and for the first over- 
tone at 1500° Ke These results can be understood qualitatively in 
terms of the temperature dependence of the wave length at which the in- 
tensity of rediation is a maximum (‘ien's displacement law). 

The average absorption coefficient for the fundaments) can be ecal- 
culated at different temperatures by means of equation (33). Similar 
Salculations can be made to determine the average absorption coeffic- 
lent far the first overtone as a function of tomperature if the roam 


temperature value of k 0 is known. If the roan temporaturo value of 


Sy has not been determined experimentally, then it can be caoleulated, 


approximately, by an equation civen by Rosenthay ‘24? , 


Ke.0. = Kp(1-%p) 


= (36) 
Kp (1+3x s 2 


where X. is the anharmonicity constant which has a value of 0.756 x 10°2 
for NO. Using ecuation (36) and the value for the fundamental average 
absorption coefficient of 115-69 (meter-etm)” > the value of first over= 
tone average coefficient at room temperature is found to ve 53.09 x tone 
(mater-atn)7+. 


The necessary information ia now available to calculate the emisse- 


ivity of NO as a function of temperature. Because o: the uncertainties 


fn the numerical value of Kp discussed in section Pil, emissivity tables 
have not been calculated for NO. However, in order to facilitate the 
use of tho rosults describod in this thesis for making a proximate emiss- 


ivity calculations, the procedure for determining the emissivity of No 
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a function of temperature is outlined again in some detail. 


The Caloulation of the Dmissivity of Nd 


The emissivity of NO is given by the approximate relation 


A mex 
“ppl Jes =) *r.0.F 
Aba + () ‘ ° 





ee -¢ oz (23) 
rc yaa 
© 
Drees 
The ratlos rea / t,,dA and stn/\., dA | 
Arin 


ere plotted in figure (14) as functions of temperature. ‘The value of 


Kk. can be calculated as a function of temperature fraa the relation 


os _ AVA? ) — 
KAT.) = AVA) * (Py) z, K p(T} ) 


similarly, 


Kkp.9, (To) Ate.o.(T) at (Pp, ) 
AVew, 85? a Pede 1 


The effective band widths AV. and AY. 5, are given, as a function of 
temperature, in tables VI and Vil. The recommended values for the aver- 


ege absorption coefficients at 300° K are 
Tae cm of ol 
iy = 125-69 (m x atm) 


Ie. . = 03.09 x ome ? (m x atm)7+ 


ieVe 


The velues of Kp and Ke 9, are not known accurately at the present time 


and may require revision as the res:lt of current experimental studies. 
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If the values of the overage absorption coefficients are chanced, the 
method of calculating &’ remains unaltered except for the use of the 


| my te 
new values of i end Ka 0. 
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TABLE VIII 


PLANCK'S RADIATION FUNCTIONS 
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TABLE VIII 


PLANCK'S RADIATION FUNCTIONS (Cont'd) 


4 R 
Ris din od = FX 107P era =F X lo-P 
Ro ~ 00 ~- 00 
MT IN 
cu K° F p AT IN 
CM K° F 
.088 6.6159 5 0235 1.309), 
089 7.6993 5 20 1.4122 
025 1.5171 
0.250 1.6239 1 0.500 6.349) 
0255 1.732k 1 0510 6.44727 
260 1.823 1 520 6.5912 
0265 1.9533 1 2530 6.7051 
270 2.0653 1 ° 510 6.8146 
0275 2.1780 1 °550 6.9198 
280 2.2911 1 ~560 7.0209 
285 2.4047 1 oo 7.1182 
»290 2.5183 1 ~580 72116 
0295 2.6320 1 ~590 7-301), 
«600 (esoTt 
+300 2.75 1 
»305 2.85385 1 .600 Teno 
. 20 2.9712 1 620 (aoe 
0315 3.0833 1 «640 7.7010 
© 320 3.197 1 ~660 7.302 
~ 680 729691 
385 3.3053 i 
330 3.4150 1 « 700 8.0835 
0335 3.5237 1 ©720 8.1993 
«340 3.631); 1 ©7440 8.3020 
035 36 (319 1 «760 8.397h 
«180 8.4361 
© 350 3.832 1 
° 355 3.947) 1 ~800 8.5687 
» 360 ,.0502 1 820 8.61555 
0365 4.1517 1 80 8.7172 
370 4.2518 i 860 8.7840 
.880 8.865 
2D 4.3506 i 
«380 bell 79 a ~900 8.903 
385 lL. 5438 fl ~920 8.991 
© 390 ly 6332 1 e940 9.0105 
0395 4.7312 1 960 9.058), 
1,00 ly 8227 1 ~ 980 9.1033 
1.900 9.1455 
«4400 4.8327 1 
10 5.0012 1 1.00 9.1455 
, lio 5.1738 1 1.05 9.2102 
S80 5 340k 1 1.10 9.3217 
olilO 525012 i as JeoIck 
9.4532 


1.20 
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5.6563 
5.8057 
5.9495 
6.0880 
6.2212 
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TABLE VIIT 


PLANCK'S RADIATION FUNCTIONS (Cont'd) 
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9.5065 
9.5531 
9.592 
9.630) 
9.662), 


9.6909 
9.7163 
9.7390 
9.759 
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9.7942 
9.8091 
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9 .33h9 
9.8161 
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TABL2 OF SYMBOLS 


intensity of light absorbed 

sinstein coefficlent of spontaneous emission 

area under rotational line 

Binatein coefficient of induced emission 

Einstein coefficient of induced absorption 

velocity of light 

energy 

Planck's constant 

upper energy level 

intensity of transnitted light 

intensity of incident light 

lower energy level; rotational quantum number 
Boltzmann's constant 

True average eabsorpticn coefficient for fundament-1 
True averege ebdvsorption coefficient for first overtone 
Apparent averege absorption coefficient for fundamental 
Apperent average absorption coefficient for first overtone 
path leneth 

molecular population 

vibrational quentum number 

pressuro 

optical density 

Prue spectral avsorption coefficient 

Aopsrent absorption coefficient 


Adsolute temoercturo 


COG Gree 
i 


Tt > 


Pde 


a Se 


GRASE SYMBOLS 


Spectral halfewidth 
effactive cnerge 
effectiva emissivity 
spectr:1 enissivity 
wave length 

recuced tess; microns 


wave number, frequency 


frequency corresponding to nsO+n= 1; j= O>rj= 0 


density of radiation of blackbody 
external density of radiation 


line strength in absorption 


| 
Ba_> 4; Bj>4 


Py ay 
Ipav 


pv) 


~40= 
UNITS 


(ce x sec)? 

(erg x sec x sec) 
(meter x iex)= 
(meter x atm x en) 
ergs/ce x gec 

erg x sec/co 

ent 


cn, microns 


12 


lew 
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